The distribution of sodium and potassium throughout corn (Zea mays L. jA632 x Crows 36401 x Oh 43) plants is not simply a matter of uptake by cortical cells and irreversible delivery to the xylem for upward transport. We show that sodium, but not potassium, accumulates in the mesocotyl of corn seedlings grown on NaCl medium. Upon transfer to NaCI-free medium, total sodium is reduced by export through the roots but remains at high levels within the mesocotyl. We report experiments which consider uptake from the xylem.
Over the past fifteen years a good deal of progress has been made in understanding the movements of K+, Cl-, and Nae between an external medium and roots or root segments. Less progress has been made in understanding the distribution and redistribution of ions once they have crossed the endodermis. By far the major effort has been directed toward understanding of the delivery of ions to the xylem (17) , and despite evidence to the contrary, summarizing models imply that, once delivered to the transpiration stream, an ion is destined for the shoot (14, 17) . The true situation is far more complex. Pate and his coworkers (15) (20) found the ascending transpiration stream in corn to contain less sodium and the root to retain more toward the basal end. Jacoby (8) (9) (10) , using Phaseolus vulgaris, studied the upward movement 'Supported by National Science Foundation grant PCM 80-11138. I To whom correspondence should be addressed.
of sodium, the accumulation in the basal region of the stem, and the subsequent retransport and export through the roots. Similar sodium recirculation was reported for squash by Cooil et al. (5) .
In soybean, discrimination in upward transport is against Clrather than (or in addition to) sodium (13, 21) . It has long been known that glycophytes, including many crop plants, exclude sodium from their shoots, at least at low external sodium concentrations (4) . That such discrimination is a phenomenon of importance to survival in some plants is clear from the results such as those of Rush and Epstein who noted that, in tomato (Lycopersicon esculentum), breakdown of the sodium exclusion mechanism correlated with death of the plants (18) . Therefore, salt tolerance in such plants will be determined, in part, by the effectiveness of the exclusion mechanisms. The transport systems and controls of potassium and sodium distribution are thus problems of both intellectual and practical importance.
With this paper, we begin a series aimed at elucidating the transport phenomena, mechanisms, and controls responsible for distribution and redistribution of sodium and potassium in corn seedlings. In this report, we consider studies of ion accumulation in the mesocotyl and the relationship with sodium exclusion from the shoot, i.e. we start with studies analogous to those of Jacoby (8) (9) (10) . Like the base of the Phaseolus stem, this region is active in sodium accumulation. Anatomically, it is similar to the root (7) having a central stele surrounded by an endodermis. When grown in contact with soil or solution, the mesocotyl produces secondary roots from the pericycle. Unlike the root, however, it is cuticularized so that ions cannot be lost to the medium directly through the cortex; all net influx and efflux occur with respect to the xylem and phloem. This affords the possibility, at least in principle, of studying flux of ions outward through the endodermis following accumulation. Such fluxes will be the subject of subsequent studies.
MATERIALS AND METHODS
Corn seedlings (Zea mays L. [A632 x Crows 3640] x Oh 43; Crows Hybrid Corn Co., Milford IL) were grown in the dark at 29°C on moist paper towels as previously described (6) . For experiments to determine salt tolerance and salt effects on growth and internal concentrations, 3- For uptake experiments, 3-to 4-d-old seedlings were transferred to soil-filled containers in the growth room and experiments were carried out using 8-d-old seedlings. The plants were cut 2.5 cm below the coleoptile node and immediately transferred to a foil-covered scintillation vial containing 5 ml of labeled solution. Abott 0.5 cm of the mesocotyl was submerged in the solution. Using neutral red and Evans blue dyes, it was found that penetration of the cortical apoplast after 2 h was restricted to the basal mm of the mesocotyl. Thus, the error introduced into the results by nonvascular uptake was ignored. Four seedlings were placed in each vial, and four vials were used for each treatment. As soon as all the plants were in the vial, an initial weight was taken and the vials were reweighed after the uptake period to determine the transpiration rates. For experiments lasting more than 6 h, solutions were replenished at 4 and 8 h and intermediate transpiration data taken.
Following the uptake period, the plants were transferred to a vial containing unlabeled solution for 5 min. Estimates of the xylem vessel volume from cross-sections of the mesocotyl indicated that this length of time should have been sufficient to allow the labeled solution in the transpiration stream to pass out of the mesocotyl: approximately 4% of the cross-sectional area of the mesocotyl was vessels. In a 2.5-cm segment, this corresponds to a vessel volume of approximately 2.5 gl. In slowly transpiring seedlings, the passage time for this volume was 4 to 6 min. These estimates are approximations due to our inability to determine with certainty the relative maturity and resistances of the conducting elements.
Following the exchange period, the shoot and mesocotyl were separated at the node and the samples were weighed, dried, ashed at 450 to 500°C until white, and counted using a Beckman LS230 scintillation counter.
The uptake solution (and the unlabeled chase solution) contained I mM CaCl2 and 1 mm K-phosphate (pH 6.0). NaCl 
RESULTS
Though corn roots show marked selectivity for potassium over sodium (1, 4) , exclusion of the latter is not complete and plants grown on solutions containing NaCl will accumulate significant amounts in the shoots. Table I (20) that the root base also had high sodium levels (data not shown). Table I suggests that, upon removal ofsodium from the growth medium, the levels within the plant as a whole decreased. This was confirmed by analysis of total plant sodium contents (Table  II) . When soil-grown seedlings were excised and allowed to transpire labeled solutions, the rate of accumulation of both sodium and potassium in the mesocotyl was linear over a period of at least 4 hours (Figure 1 ). The data are taken from two experiments in which the total Na+ + K+ was constant at 11 mM. At each concentration, the uptake of sodium was greater than that of potassium, the difference being more notable at the 1 mm level.
The concentration dependence of sodium uptake over an extended range is shown in Figure 2 , and in Figure 3 is shown the percentage of the total label in the plant that was found in the mesocotyl at each concentration. In the 1 to 20 mm sodium range, Figure 2 indicates the sodium uptake rate to be unaffected by potassium level.
Comparing Figures 2 and 3 , it is reasonable to consider that, at transpiration stream concentrations less than 1 mm, the mesocotyl is efficient at detoxification and that sodium uptake by the mesocotyl may be limited by the rate at which it is delivered via the transpiration stream. The effects of transpiration rate, particularly as they effect experiments using this system, will be discussed further below. Deli;VerY ( 1umolI) FIG. 5. Sodium uptake versus delivery (defined as concentration x transpiration for a group of four plants) at five sodium levels and constant potassium (10 mM). Curves are from linear regression estimates using Eadie-Hofstee transformations. Vertical dashed lines designate delivery rates for half maximal uptake. Error bars are SD and indicate the range of delivery and uptake rates used for analyses. Inset shows maximal calculated uptake rate v' versus concentration; the solid line has a slope of 0.5. represented approximately 5% of the fresh weight of the plant but contained 25% of the total sodium in the plant. In this role, it is similar to the lower stem of Phaseolus vulgaris (8) .
Quantitative consideration of the sodium removal capacity of the mesocotyl must take into account both the concentration of sodium and the retention or passage time of the ions in the mesocotyl region. That both factors are important is shown by Table VI and Figures 4 and 5. As transpiration-driven flow was increased, external limitations on the rate of sodium uptake by the mesocotyl were reduced and the sodium transport systems operated at the maximum possible rate at each concentration (Fig. 5) . At low flow rates, on the other hand, an experimental limitation was encountered in that uptake was significantly higher than the apparent delivery of ions via transpiration. This was due to the movement of ions down the diffusion gradient and the high conductivity of the vessels. Disregarding these experimental limitations in the excised shoot system would lead to significant misinterpretation of the interrelationship between sodium uptake, sodium concentration, and transpirational delivery rate.
The results presented here may be compared to those of root uptake experiments, with the important caveat that, with roots, ions are delivered to the tissue from an essentially infinite, wellstirred external medium; whereas, in the mesocotyl experiments, the medium is internal, of small volume, and essentially unstirred, even at high transpiration rates. At equivalent rates of ion delivery, sodium uptake by the mesocotyl was considerably higher than potassium uptake (Fig. 1) and the proportion of the sodium removed from the transpiration stream was much greater than that ofthe potassium removed (Table VI) . Both the linearity of the sodium uptake with time ( Fig. 1) and the apparent discrimination in favor of sodium accumulation over potassium represent distinct differences between the present experiments and those previously reported using low salt roots (1) .
The shape of the uptake versus concentration curve in Figure  2 and of the saturated uptake relationship shown in Figure 5 (insert) are also noteworthy differences from roots (1) . In root experiments, the line had a slope of approximately 1 on a logarithmic plot as would be expected for the passive permeation situation otherwise supported for that tissue. In the mesocotyl, as shown by the solid line in Figures 2 and 5 , the slope on a logarithmic plot was approximately 0.5; influx was proportional to the square root of the sodium concentration. By association, this suggests that active transport may be involved since a similar slope was found for potassium uptake in low salt roots (2) as well as other systems where active transport has been established (e.g. 3) . If active transport is involved, it remains to be seen which cells are specifically involved and what the mechanisms of flux to other cell types within the mesocotyl are. As this tissue is rather heavily cuticularized and the stele itself is surrounded by a well-developed endodermis, determination of cell potentials for electrophysiological analysis will be difficult.
Using the notation of Pitman (16, 17) , we have been considering (bc, the flux from the xylem back to the symplasm. Pitman considered only the net chloride flux at this barrier (16) , due to the inaccessibility of the individual fluxes. Jeschke et al., following Pitman, have also considered the next flux at this barrier using sodium and potassium in barley and sunflower, but they have included the specific, additional assumption that this represented only 0,, i.e. that O,j was negligible (11, 12) . Clearly, this assumption is incorrect in the case of corn. Taken with the results of Shone et al. (20) , it is not unreasonable to expect that the same transport systems are present in both the root and mesocotyl stelar regions, and the mesocotyl may be useful, therefore, as a model, or 'plastic-coated' root for studies ofefflux from the xylem. We explore this possibility further in the following paper by separating the stele from the cortex following the uptake period. It will be seen that intracellular compartmentation and transport in cells of the stele are very different from that in the root cortex, and that ion-specific barriers to movement within the symplast, particularly at the endodermis, control the distribution and redistribution of sodium to a much greater extent than potassium.
